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BIDIRECTIONAL DEVICE, BIDIRECTIONAL
DEVICE CIRCUIT AND POWER
CONVERSION APPARATUS

The contents of the following patent applications are
incorporated herein by reference:

NO. 2011-185762 filed in Japan on Aug. 29, 2011, and

NO. PCT/JP2012/005441 filed on Aug. 29, 2012.

BACKGROUND

1. Technical Field

The present invention relates to a bidirectional device, a
bidirectional device circuit, and a power conversion appa-
ratus.

2. Related Art

A conventional power conversion apparatus is known,
such as a matrix converter that performs a power conversion
on AC power input thereto, and outputs the resulting power.

This power conversion apparatus uses a bidirectional switch

capable of causing current to flow in two directions. It is

known that a power device, such as a reverse-blocking IGBT
that has a breakdown voltage in the reverse direction, can be
used as the bidirectional switch (for example, see Non-

Patent Documents 1 and 2 and Patent Document 1). Fur-

thermore, a thyristor with an insulating gate is known that

forms a bidirectional switch by forming a transistor on both
surface sides of the substrate (for example, see Patent

Document 2).

Non-Patent Document 1: H. Takahashi, et al., “1200V class
Reverse Blocking IGBT (RB-IGBT) for AC Matrix Con-
verter”, Proceedings of 2004 International Symposium on
Power Semiconductor Devices & ICs, Kitakyushu, p. 121

Non-Patent Document 2: T. Naito, et al., “1200V Reverse
Blocking IGBT with low loss for Matrix Converter”,
Proceedings of 2004 International Symposium on Power
Semiconductor Devices & ICs, Kitakyushu, p. 125

Patent Document 1: Japanese Patent Application Publication
No. 2002-319676

Patent Document 2: Japanese Patent Application Publication
No. H3-194971
The bidirectional switch can be formed by connecting two

transistors in parallel. However, when forming a bidirec-

tional switch with a normal IGBT, the IGBT has low
breakdown voltage in the reverse direction, and therefore
each IGBT must be provided with a diode to guarantee the
breakdown voltage in the reverse direction. In contrast, with
a reverse-stopping IGBT, the transistor itself has a high
breakdown voltage in the reverse direction, and therefore the
bidirectional switch can be formed by two transistors.
However, even when using a reverse-stopping IGBT, it is
necessary to use two transistors in order to form the bidi-
rectional switch. Therefore, the size of the module is
increased. It is possible to reduce the module size by
forming the transistors on both surfaces of the substrate, but
forming elements on both sides of the substrates makes
mounting difficult, and so this is not a practical solution.

Furthermore, in recent years, in order to provide a power

device with little loss, semiconductors with a large bandgap

such as SiC or GaN are being used as the semiconductors in
power devices. However, a MOSFET and a JFET are usually
used in a longitudinal power device. Since there is no

inherent reverse breakdown voltage in such devices, a

reverse-stopping power device cannot be formed, and the

only means available has been to combine diodes to use as
the bidirectional switch.
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2
SUMMARY

Therefore, it is an object of an aspect of the innovations
herein to provide a bidirectional device, a bidirectional
device circuit, and a power conversion apparatus, which are
capable of overcoming the above drawbacks accompanying
the related art. The above and other objects can be achieved
by combinations described in the claims. According to a first
aspect of the present invention, provided is a longitudinal
bidirectional device in which current flows in a layering
direction of a semiconductor layered portion formed on a
front surface of a substrate, the bidirectional device com-
prising a first semiconductor element that includes a first
channel and is formed on the semiconductor layered portion;
and a second semiconductor element that includes a second
channel and is provided on the substrate side of the first
semiconductor element within the semiconductor layered
portion. The first semiconductor element further includes a
first control electrode that controls the first channel and that
is formed on a surface of the semiconductor layered portion
that faces away from the substrate, and the second semi-
conductor element is formed on at least a portion of the
surface of the semiconductor layered portion on which the
first control electrode is formed and includes a second
control electrode that controls the second channel.

According to a second aspect of the present invention,
provided is a bidirectional device circuit comprising the
bidirectional device according to the first aspect of the
present invention, and a control circuit that controls the
bidirectional device. According to a third aspect of the
present invention, provided is a power conversion apparatus
that converts and outputs received AC power, comprising an
input-side circuit that receives the AC power; an output-side
circuit that outputs the AC power; and the bidirectional
device according to the first aspect of the present invention
that is provided between the input-side circuit and the
output-side circuit.

The summary clause does not necessarily describe all
necessary features of the embodiments of the present inven-
tion. The present invention may also be a sub-combination
of the features described above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a circuit diagram of a power conversion appa-
ratus.

FIG. 2 is a circuit diagram of another power conversion
apparatus.

FIG. 3 is a circuit diagram of a bidirectional switch
serving as a comparative example.

FIG. 4 is a circuit diagram of another bidirectional switch
serving as a comparative example.

FIG. 5 is a cross-sectional view of a reverse-stopping
IGBT.

FIG. 6A is a cross-sectional view of a bidirectional device
according to a first embodiment of the present invention.

FIG. 6B is a cross-sectional view of another exemplary
bidirectional device.

FIG. 7 is an analogous circuit of the bidirectional device
shown in FIGS. 6A and 6B.

FIG. 8 is a graph showing the current-voltage character-
istics of the bidirectional device shown in FIGS. 6A and 6B.

FIG. 9 shows a step in the manufacturing method of the
bidirectional device shown in FIG. 6A.

FIG. 10 shows a step following the step shown in FIG. 9.

FIG. 11 shows a step following the step shown in FIG. 10.

FIG. 12 shows a step following the step shown in FIG. 11.
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FIG. 13 shows a step following the step shown in FIG. 12.
FIG. 14 shows a step following the step shown in FIG. 13.
FIG. 15 is a cross-sectional view of a bidirectional device
according to a second embodiment of the present invention.
FIG. 16 is a cross-sectional view of a bidirectional device
according to a third embodiment of the present invention.
FIG. 17 shows a step in the manufacturing method of the
bidirectional device shown in FIG. 16.
FIG. 18 shows a step following the step shown in FIG. 17.
FIG. 19 is a cross-sectional view of a bidirectional device
according to a fourth embodiment of the present invention.
FIG. 20 shows a step in the manufacturing method of the
bidirectional device shown in FIG. 19.
FIG. 21 shows a step following the step shown in FIG. 20.
FIG. 22 shows a step following the step shown in FIG. 21.
FIG. 23 shows a step following the step shown in FIG. 22.
FIG. 24 shows a step following the step shown in FIG. 23.
FIG. 25 is a planar view of an exemplary pattern of the P+
type gate region.
FIG. 26 is a planar view of another exemplary pattern of
the P+ type gate region.
FIG. 27 is a cross-sectional view of a bidirectional device
according to a fifth embodiment of the present invention.
FIG. 28 is a graph showing the current-voltage charac-
teristics of the bidirectional device shown in FIG. 27.
FIG. 29 is a cross-sectional view of a bidirectional device
according to a sixth embodiment of the present invention.
FIG. 30 is a graph showing the current-voltage charac-
teristics of the bidirectional device shown in FIG. 29.
FIG. 31 is a cross-sectional view of a bidirectional device
according to a seventh embodiment of the present invention.
FIG. 32 is an analogous circuit of the bidirectional device
shown in FIG. 31.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, some embodiments of the present invention
will be described. The embodiments do not limit the inven-
tion according to the claims, and all the combinations of the
features described in the embodiments are not necessarily
essential to means provided by aspects of the invention.

FIG. 1 is a circuit diagram of a power conversion appa-
ratus 1000 using an inverter. The power conversion appa-
ratus 1000 includes an AC/DC converting section 110 that
converts alternating current (AC) to direct current (DC), a
capacitor section 120, and a DC/AC converting section 130
that converts DC to AC. The AC/DC converting section 110
converts the AC supplied from the AC power source 140 into
DC. The capacitor section 120 is connected in parallel with
the AC/DC converting section 110 and generates an inter-
mediate voltage corresponding to the DC. The capacitor
section 120 may be an electrolytic capacitor. The DC/AC
converting section 130 is connected in parallel with the
capacitor section 120 and supplies the load 150 with AC
corresponding to the intermediate voltage. The inverter-type
power conversion apparatus 1000 converts AC to DC at first
and then converts the DC back to AC, and therefore the
power conversion efficiency is low. When the capacitor
section 120 breaks down, the power conversion function is
lost, and therefore the lifespan of the capacitor section 120
determines the lifespan of the power conversion apparatus
1000.

FIG. 2 shows a power conversion apparatus 2000 using a
matrix converter. The power conversion apparatus 2000
includes a filter section 210 and a plurality of bidirectional
switches 220 for selectively connecting one of three input
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terminals of the load 150 to each of the output terminals of
the three-phase AC power source 140. The bidirectional
switch 220 is formed by a power device capable of causing
bidirectional current flow. By controlling the bidirectional
switch 220, the power conversion apparatus 2000 converts
the AC supplied from the AC power source 140 directly into
a desired AC and supplies this AC to the load 150. The
matrix converter-type power conversion apparatus 2000
performs AC-AC conversion, and therefore the power con-
version efficiency is higher than that of the power conversion
apparatus 1000. Furthermore, the power conversion appa-
ratus 2000 does not use a capacitor, and therefore the
lifespan of the apparatus is not determined by the lifetime of
the capacitor. In addition, the power conversion apparatus
2000 can perform Dbidirectional power transmission,
enabling easy power regeneration and answering the
demand for low energy consumption.

FIG. 3 is a circuit diagram of an exemplary bidirectional
switch 220. The bidirectional switch 220 includes two sets
that each include a diode 212 and a transistor 214 connected
in series. The sets of a diode 212 and a transistor 214 are
connected in a reverse parallel manner between the first
terminal 211 and the second terminal 213. The transistor 214
in this example is an IGBT. A power device, which can be
represented by the IGBT or other devices, has a low break-
down voltage in the reverse direction, and therefore the
breakdown voltage in the reverse direction is maintained by
the diodes 212. However, the bidirectional switch 220 has
many elements that cause significant power loss and force
the bidirectional switch 220 to become large overall.

FIG. 4 is a circuit diagram of another exemplary bidirec-
tional switch 220. The bidirectional switch 220 in this
example includes two transistors 222 that are connected in
a reverse parallel manner between the first terminal 211 and
the second terminal 213. The transistor 222 in this example
is a reverse-stopping IGBT with a high breakdown voltage
in the reverse direction. In other words, the reverse-stopping
IGBT operates as a normal IGBT when a forward voltage is
applied between the collector and emitter, and maintains a
breakdown voltage that is approximately equivalent to the
breakdown voltage to forward voltage when a reverse volt-
age is applied. For example, in the case of a silicon substrate,
a breakdown voltage of 600 V is realized for a thickness of
100 pm and a breakdown voltage of 1200 V is realized for
a thickness of 200 pm. The bidirectional switch 220 using
the reverse-stopping IGBT has lower loss and smaller over-
all size than the bidirectional switch 220 shown in FIG. 3
due to including fewer elements, but it is necessary to
provide two transistors in parallel.

FIG. 5 is a cross-sectional view of a transistor 222. The
transistor 222 includes a semiconductor substrate 230, a P
type base region 232 formed on the surface of the semicon-
ductor substrate 230, an N+ type emitter region 234 formed
on the surface of the P type base region 232, a P+ type
collector region 235 formed on the back surface of the
semiconductor substrate 230, a P+ type protective region
233 formed on the side surface of the semiconductor sub-
strate 230, a control electrode 236 sandwiched between the
N+ type emitter region 234 and the semiconductor substrate
230 and formed above the P type base region 232 with the
gate insulating film 238 interposed therebetween, an emitter
electrode 237 that is isolated from the control electrode 236
by the insulating film 231 and is in a conductive state with
the N+ type emitter region 234 and the P type base region
232, and a collector electrode 239 that is formed on the back
surface side of the semiconductor substrate 230 to be in a
conductive state with the P+ type collector region 235 and
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the P+ type protective region 233. The semiconductor sub-
strate 230 is an N- type substrate. The N- type semicon-
ductor region of the semiconductor substrate 230 functions
as a drift region of the IGBT.

The side surface of the semiconductor substrate 230 is
covered by the P+ type protective region 233, and therefore
the PN junction is not exposed on the side surface of the
semiconductor substrate 230. Therefore, when a reverse bias
is applied to the collector electrode 239, a depletion layer
appears only on the device surface side. The device surface
side has fewer defects than the device side surface created by
dicing, and therefore even if a depletion layer were to occur,
there would be little leak current. Therefore, sufficient
reverse breakdown voltage can be realized. By creating a
breakdown voltage structure such as a guard ring on the
device surface side, the overall breakdown voltage can be
improved.

However, a reverse-stopping IGBT such as this transistor
222 has the following problems.

1) With a reverse-stopping IGBT formed on a silicon
substrate, the silicon substrate must be made thicker when
the desired resistance is higher, and as a result the break-
down voltage of the silicon substrate is increased and the
overall efficiency is reduced. Furthermore, when the silicon
substrate is made thicker, the device size is increased, and
this is not practical.

2) If the semiconductor substrate of the reverse-stopping
IGBT is formed of a wide bandgap material such as silicon
carbide (SiC) or gallium nitride (GaN), since the built-in
voltage of the PN junction is greater than in silicon, a large
forward voltage is set for the IGBT.

3) In the reverse-stopping IGBT, the free wheeling diode
continues applying a positive voltage to the control elec-
trode. Accordingly, the optimal device configuration as the
IGBT and the optimal device configuration as the diode are
preferably realized by a single device. However, when the
forward voltage is applied during IGBT operation, a field
stop layer cannot be provided to stop the depletion layer on
the collector side, and the only solution is to increase the
thickness of the base layer. As a result, the drift layer
becomes thicker and the resistance thereof becomes higher,
which causes the switching characteristic and ON voltage
characteristic to be lower than in a normal device.

4) Even when a reverse-stopping IGBT is used, two
power devices are needed to form the bidirectional switch.

FIG. 6A is a cross-sectional view of a bidirectional device
100 according to a first embodiment of the present invention.
The bidirectional device 100 of the present embodiment is a
longitudinal bidirectional device in which current flows in
the layering direction of a semiconductor layered portion 70
formed on the surface of a substrate 10. The bidirectional
device 100 includes a first semiconductor element that is
formed in the semiconductor layered portion 70 and has a
first channel 72, and a second semiconductor element that is
provided closer to the substrate 10 than the first semicon-
ductor element in the semiconductor layered portion 70 and
has a second channel 23.

By controlling the current flowing through the first chan-
nel 72, the first semiconductor element controls the voltage
flowing between the first electrode 21 and the second
electrode 22. By controlling the current flowing through the
second channel 23, the second semiconductor element con-
trols the current flowing between the first electrode 21 and
the second electrode 22. In the present embodiment, the first
channel 72 is a channel in which the carriers move in a
direction substantially parallel to the substrate 10, and the
second channel 23 is a channel in which the carriers move
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in a direction substantially perpendicular to the substrate 10.
In the present embodiment, the first semiconductor element
is a MOSFET and the second semiconductor element is a
JFET.

The bidirectional device 100 includes the substrate 10, the
semiconductor layered portion 70, a first electrode 21, a
second electrode 22, a first control electrode 17, a second
control electrode 20, and an insulating film 18. The substrate
10 is an N+ type semiconductor substrate. The substrate 10
may be a SiC substrate, or may be a nitride semiconductor
substrate formed of GaN or the like. The substrate 10 may
be a silicon substrate. If the substrate 10 is a substrate with
low resistance, another material can be used for the sub-
strate.

The semiconductor layered portion 70 is formed on the
primary surface of the substrate 10. The semiconductor
layered portion 70 includes the semiconductor layers 11 and
12 having a first conduction type. In the present embodi-
ment, the first conduction type is N type, and the semicon-
ductor layers include an N type high concentration layer 11
and an N- type low concentration layer 12. In the semicon-
ductor layered portion 70, the layer serving as the active
layer of the device includes SiC or a nitride semiconductor
material such as GaN. In this embodiment, the high con-
centration layer 11, the low concentration layer 12, and the
regions contained in these layers are formed of SiC or a
nitride semiconductor material such as GaN. The impurity
concentration in the high concentration layer 11 is lower
than the impurity concentration in the substrate 10 and
higher than the impurity concentration in the low concen-
tration layer 12.

The semiconductor layered portion 70 includes, in a plane
that is substantially parallel to the substrate 10 within the
semiconductor layers 11 and 12 of the first conduction type,
a first semiconductor region 13 of a second conduction type
formed such that a portion of the semiconductor layers 11
and 12 of the first conduction type remain. In the present
embodiment, the second conduction type is P, and the first
semiconductor region 13 is a P+ type semiconductor region.
A plurality of first semiconductor regions 13 are formed
separately in the semiconductor layers 11 and 12 of the first
conduction type in a plane substantially perpendicular to the
substrate 10. In the plane in which the first semiconductor
regions 13 are formed, the semiconductor layers 11 and 12
of the first conduction type may be arranged at substantially
uniform intervals.

FIG. 6A shows a plurality of first semiconductor regions
13, and the first semiconductor regions 13 are connected to
each other. With this configuration, PN junctions are formed
between the semiconductor layers 11 and 12 of the first
conduction type and the first semiconductor regions 13, and
a second channel 23 corresponding to the voltage applied to
the second control electrode 20 is formed in each of the
semiconductor layers 11 and 12 of the first conduction type
remaining in the plane where the first semiconductor regions
13 are formed. In the present embodiment, the first semi-
conductor regions 13 are formed at the interface between the
high concentration layer 11 and the low concentration layer
12. The first semiconductor regions 13 may be embedded in
a manner to be present in both the high concentration layer
11 and the low concentration layer 12. The second channel
23 of the present embodiment is formed at the interface
portion between the high concentration layer 11 and the low
concentration layer 12, and is a channel in which the carriers
move in a direction perpendicular to the substrate 10. The
interface portion between the high concentration layer 11
and the low concentration layer 12 may refer to both the
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interface itself and to a region spanning into both the high
concentration layer 11 and the low concentration layer 12.
Instead, this interface portion may refer to both the interface
itself and to a region spanning into only one of the high
concentration layer 11 and the low concentration layer 12.

The semiconductor layered portion 70 includes an N+
type source region 15 and a P type diffusion region 14
formed on the surface of the low concentration layer 12. In
other words, the semiconductor layered portion 70 includes
the N+ type source region 15 (second semiconductor
region), the P type diffusion region 14 (third semiconductor
region), and the low concentration layer 12 (third semicon-
ductor region) adjacent to each other in the stated order, in
planes substantially parallel to the substrate 10 on the first
control electrode 17 side of the first semiconductor region
13. A first channel 72 is formed in the P type diffusion region
14, according to the voltage applied to the first control
electrode 17. In the present embodiment, the P type diffusion
region 14 is formed in the central portion of the N+ type
source region 15. The P type diffusion region 14 is formed
to surround the N+ type source region 15.

The first electrode 21 is provided on the front surface side
of the semiconductor layered portion 70, and the second
electrode 22 is provided on the back surface side of the
substrate 10. The first electrode 21 and the second electrode
22 function as source and drain electrodes of the bidirec-
tional device 100. The front surface of the semiconductor
layered portion 70 refers to the surface facing away from the
substrate 10. The back surface of the substrate 10 refers to
the surface facing away from the semiconductor layered
portion 70. The first electrode 21 forms an ohmic junction
with the N+ type source region 15. The second electrode 22
forms an ohmic junction with the substrate 10.

The first control electrode 17 is formed to correspond to
the P type diffusion region 14 exposed on the surface of the
semiconductor layered portion 70 facing away from the
substrate 10. The first control electrode 17 is formed above
the P type diffusion region 14 with the insulating film 18
interposed therebetween, and controls the first channel 72
according to the voltage applied thereto. For example, when
voltage is applied to the first control electrode 17, the first
channel 72 is formed in the surface of the P type diffusion
region 14 directly below the first control electrode 17, and
the main current flows through the first electrode 21. Fur-
thermore, the insulating film 18 electrically isolates the first
control electrode 17 and the first electrode 21 from each
other. The first semiconductor element of the present
embodiment is a MOSFET that uses the first control elec-
trode 17 to control the current flowing between the first
electrode 21 and the second semiconductor element.

At least a portion of the second control electrode 20 is
formed on the surface of the semiconductor layered portion
70 that is on the same side as the first control electrode 17,
and controls the second channel 23. However, the plane in
which the first control electrode 17 is formed and the plane
in which the portion of the second control electrode is
formed need not be the same plane. In other words, the plane
in which the first control electrode 17 is formed and the
plane on which the portion of the second control electrode
is formed may have a height difference.

The second control electrode 20 is electrically connected
to the first semiconductor region 13. The second control
electrode 20 of the present embodiment is formed through
the semiconductor layers 11 and 12 having the first conduc-
tion type, from the front surface of the semiconductor
layered portion 70 to a position contacting the first semi-
conductor region 13. More specifically, the second control
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electrode 20 contacts the first semiconductor region 13 at the
side surface near the bottom end. The bottom surface of the
second control electrode 20 contacts the high concentration
layer 11. The second control electrode 20 forms an ohmic
junction with the first semiconductor region 13, and is
formed of a material forming a Schottky junction with the
semiconductor layers 11 and 12 having the first conduction
type. The second control electrode 20 is formed of Ti, Ni,
Au, Pt, Al, Mo, or an alloy of these materials, for example.
The second control electrode 20 controls the second channel
23 according to the voltage applied thereto. The second
semiconductor element of the present embodiment is a JFET
that uses the second control electrode 20 to control the
current flowing between the second electrode 22 and the first
semiconductor element.

A portion of the second control electrode 20 may be
formed within the mesa 19. The mesa 19 is formed to
surround the first semiconductor region 13 and the N/P/N
structure of the first semiconductor element. The mesa 19
may be formed from the topmost surface of the low con-
centration layer 12 to a prescribed position of the high
concentration layer 11. The top surface of the second control
electrode 20 is exposed on the front surface side of the low
concentration layer 12. In other words, the first control
electrode 17 and the second control electrode 20 are both
provided on the primary surface side of the substrate 10. The
second control electrode 20 is not limited to a mesa-type
electrode structure. In the same manner as the transistor 222
shown in FIG. 5, the bidirectional device 100 may include
the P+ type protective region 233 on the side surface portion
of'the element to prevent the PN junction portion from being
exposed on the side surface of the element.

FIG. 6B is a cross-sectional view of a bidirectional device
100 according to another embodiment. The bidirectional
device 100 of the present embodiment has a trench structure.
The bidirectional device 100 of this embodiment has a
different structure for the first control electrode 17, the
insulating film 18, and the first electrode 21 compared to the
bidirectional device 100 shown in FIG. 6 A. Other structures
are the same as those of the bidirectional device 100 shown
in FIG. 6A.

The first control electrode 17 of the present embodiment
is provided within a trench formed in the surface of the
semiconductor layered portion 70. The trench is formed to
surround the perimeter of the first electrode 21. The opening
of'the trench is formed in the P type diffusion region 14, and
the trench passes through the P type diffusion region 14.

The insulating film 18 is formed on the side surface and
bottom surface of the trench, and isolates the first control
electrode 17 and the semiconductor layered portion 70 from
each other. The first control electrode 17 is formed to fill the
trench in which the insulating film 18 is formed. The N+
type source region 15, the P type diffusion region 14, and the
low concentration layer 12 are in contact with each other in
the direction perpendicular to the substrate 10, in the stated
order, on the side surface of the trench. When voltage is
applied to the first control electrode 17, the first channel 72
in the vertical direction is formed in the P type diffusion
region 14 contacting the side surface of the trench.

FIG. 7 shows an analogous circuit of the bidirectional
device 100. The MOSFET 24, which is the first semicon-
ductor element, and the JFET 26, which is the second
semiconductor element, are connected in series between the
first electrode 21 and the second electrode 22. As a result, a
bidirectional switch is formed that controls the first control
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electrode 17 and the second control electrode 20 according
to the polarity of the voltage applied to the first electrode 21
and the second electrode 22.

The following describes a specific operation of the bidi-
rectional device 100. First, a case is described in which a
negative bias is applied to the first electrode 21 and a
positive bias is applied to the second electrode 22. In this
case, a voltage corresponding to the ON/OFF state of the
bidirectional device 100 is applied to the first control elec-
trode 17. A desired voltage is applied to the second control
electrode 20.

When a positive voltage is applied to the first control
electrode 17, the first channel 72 is formed in the P type
diffusion region 14 immediately below the first control
electrode 17. The electrons implanted from the N+ type
source region 15 proceed into the low concentration layer 12
through the first channel 72. After this, the electrons pass
between the P type diffusion regions 14 to arrive at the
second electrode 22, via the high concentration layer 11 and
the substrate 10.

If the voltage applied to the second electrode 22 is larger
than the built-in voltage of the PN diode, positive holes are
implanted into the low concentration layer 12 from the first
semiconductor region 13, and a bipolar current flows, result-
ing in an operational mode such as in an IGBT. However,
usually, since a serial resistance is provided for the second
control electrode 20, only a very small amount of current
flows from the first semiconductor region 13 to the low
concentration layer 12. Therefore, when the negative bias is
applied to the first electrode 21 and the positive bias is
applied to the second electrode 22, the operational mode of
the bidirectional device 100 is primarily MOSFET operation
due to the first semiconductor element.

Next, a case is described in which a positive bias is
applied to the first electrode 21 and a negative bias is applied
to the second electrode 22. In this case, a voltage corre-
sponding to the ON/OFF state of the bidirectional device
100 is applied to the second control electrode 20. In the
present embodiment, a forward bias is applied to the junc-
tion of the P type diffusion region 14 and the low concen-
tration layer 12. Accordingly, regardless of whether the first
control electrode 17 is ON or OFF, the PN diode current
flows between the first electrode 21 and the second electrode
22.

When the bidirectional device 100 is OFF, the negative
bias is applied to the second electrode 22 by the second
control electrode 20. As a result, the depletion layer widens
in the high concentration layer 11 and the second channel 23
pinches off the current. Therefore, the current is cut off
between the first electrode 21 and the second electrode 22.
The pattern dimensions and intervals of the first semicon-
ductor regions 13 and the impurity concentration of the high
concentration layer 11 are preferably set such that the
pinch-off voltage is from 5V to 20 V.

When the second control electrode 20 is ON, the second
channel 23 is formed and electrons are supplied through the
second channel 23 from the substrate 10 side. Furthermore,
a forward bias current flows through the junction between
the P type diffusion region 14 and the low concentration
layer 12. As a result, current flows between the first electrode
21 and the second electrode 22.

When a positive bias is applied to the first electrode 21
and a negative bias is applied to the second electrode 22, the
ON/OFF state of the first control electrode 17 is preferably
controlled in synchronization with that of the second control
electrode 20. When the second control electrode 20 is ON,
the drain current is made to flow through the first channel 72
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by also turning ON the first control electrode 17. Here, the
electrons supplied from the substrate 10 side pass through
the second channel 23 provided between the first semicon-
ductor regions 13, without passing through the first semi-
conductor regions 13. In other words, since the electrons do
not enter the first semiconductor regions 13, the implanta-
tion of positive holes from the first semiconductor regions
13 is restricted. As a result, high-speed switching is possible.
When a reverse bias is applied to the first semiconductor
regions 13 and the Schottky junction of the second control
electrode 20, the depletion layer widens toward the outside
of'the mesa 19 from the Schottky junction portion of the side
surface of the mesa 19, as shown by the dotted line in the
drawings. The depletion layer is exposed only on the device
surface side, and therefore the breakdown voltage can be
increased by creating a structure such as a guard ring or field
plate at this portion.

With the present embodiment, when a positive or negative
bias is applied to the first electrode 21 and the second
electrode 22, a high bidirectional breakdown voltage is
maintained, and a bidirectional device capable of bidirec-
tional switching is realized by a single longitudinal power
device.

FIG. 8 is a graph showing the current-voltage character-
istics of the bidirectional device 100. The horizontal axis
indicates the voltage V applied to the second electrode 22.
In the region where V is positive, a negative bias is applied
to the first electrode 21 and a positive bias is applied to the
second electrode 22. In the region where V is negative, a
positive bias is applied to the first electrode 21 and a
negative bias is applied to the second electrode 22. The
vertical axis indicates the current I flowing through the
bidirectional device 100. In the region where I is positive,
the current flows from the second electrode 22 to the first
electrode 21. In the region where I is negative, the current
flows from the first electrode 21 to the second electrode 22.
Furthermore, the I-V characteristics are represented for each
ON/OFF state of the first control electrode 17 and second
control electrode 20.

In the region where V is positive, when the first control
electrode 17 is OFF, the bidirectional device 100 exhibits the
I-V characteristic 83 in which the current does not flow until
the breakdown voltage of the first semiconductor element is
reached. When the first control electrode 17 is ON, the
bidirectional device 100 exhibits characteristics correspond-
ing to the state of the second control electrode 20. When the
first control electrode 17 is ON and the second control
electrode 20 is ON, the bidirectional device 100 exhibits the
I-V characteristic 81 of the JFET. When the first control
electrode 17 is ON and the second control electrode 20 is
OFF, the bidirectional device 100 exhibits the I-V charac-
teristic 82 of the diode. It should be noted that, even when
the second control electrode 20 is ON, the current in the
diode characteristic is such that the I-V characteristic 82 is
the same as the 1-V characteristic 81 when the voltage V is
greater than the current of the JFET characteristic. Further-
more, when the first control electrode 17 is OFF, the
bidirectional device 100 exhibits the I-V characteristic 83 in
which the current does not flow until V is greater than or
equal to the breakdown voltage.

In the region where V is negative, when the second
control electrode 20 is OFF, the bidirectional device 100
exhibits the I-V characteristic 86 in which the current does
not flow until reaching the breakdown voltage of the second
semiconductor element. Furthermore, when the second con-
trol electrode 20 is ON, the bidirectional device 100 exhibits
characteristics corresponding to the state of the first control
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electrode 17. When the first control electrode 17 is ON, the
bidirectional device 100 exhibits the I-V characteristic 84 of
the JFET. When the first control electrode 17 is OFF, the
bidirectional device 100 exhibits the I-V characteristics 85
of the diode. It should be noted that, even when the first
control electrode 17 is ON, the current in the diode charac-
teristic is such that the I-V characteristic 85 is the same as
the I-V characteristic 84 when the voltage V is greater than
the current of the JFET characteristic.

As shown in FIG. 8, the control of the first control
electrode 17 and the second control electrode 20 is prefer-
ably asymmetrical according to the polarity of the voltage
applied to the first electrode 21 and the second electrode 22.
For example, when a negative bias is applied to the first
electrode 21 and a positive bias is applied to the second
electrode 22, the ON/OEFF state of the second control elec-
trode 20 is not synchronized with the ON/OFF state of the
first control electrode 17, and when a positive bias is applied
to the first electrode 21 and a negative bias is applied to the
second electrode 22, the ON/OFF state of the first control
electrode 17 may be synchronized with the ON/OFF state of
the second control electrode 20. Furthermore, the voltage for
turning the first control electrode 17 ON/OFF may be
different from the voltage for turning the second control
electrode 20 ON/OFF.

Since the first semiconductor element is a normally-OFF
element, the voltage applied to the first control electrode 17
is a normally-OFF control voltage. Furthermore, since the
second semiconductor element is a normally-ON eclement,
the voltage applied to the second control electrode 20 is a
normally-ON control voltage.

In the bidirectional device 100, the main current is real-
ized by a multitude of carriers and a small number of
positive holes are implanted into the low concentration layer
12, and therefore the transmission conductivity modulation
of the low concentration layer 12 is weak. Accordingly,
when the substrate 10 is formed of silicon, the resistance is
significantly larger than that of an IGBT. On the other hand,
the bidirectional device 100 maintains the bidirectional
breakdown voltage using the low concentration layer 12.
Therefore, the low concentration layer 12 must have a
prescribed thickness, and the resistance increases along with
the thickness. Therefore, each semiconductor layer is pref-
erably formed by a compound semiconductor material with
low resistance, such as SiC or GaN. SiC or GaN have a
smaller lattice constant and a larger bandgap than silicon.
Therefore, at a high breakdown voltage, the characteristic
change due to temperature is small. By forming each semi-
conductor layer of SiC or GaN, the resistance of the low
concentration layer 12 can be significantly decreased. As a
result, the thickness of the low concentration layer 12 can be
decreased to approximately 10% of the thickness needed for
a silicon substrate.

When the substrate 10 is formed of SiC or GaN, the
thickness of the low concentration layer 12 formed of GaN,
for example, is approximately 10 um for a breakdown
voltage of 1000 V and approximately 100 um for a break-
down voltage of 10,000 V. By making the low concentration
layer 12 thinner, the formation of the mesa 19 becomes
easier.

Next, the method for manufacturing the bidirectional
device 100 is described. FIGS. 9 to 14 show steps in the
process for manufacturing the bidirectional device 100. The
bidirectional device 100 manufacturing method includes a
step of preparing the substrate 10, an ion implantation step
of implanting P type impurities into the high concentration
layer 11, an annealing step of forming the first semiconduc-
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tor region 13 by thermally processing the substrate 10, a
device formation step of forming a MOSFET device on the
surface of the low concentration layer 12, a mesa formation
step of forming the mesa 19 to surround the device, and an
electrode formation step of forming a Schottky electrode
within the mesa 19.

FIG. 9 shows the step of preparing the substrate 10. The
substrate 10 may be formed of SiC, GaN, or silicon doped
with a high concentration of N type impurities. The high
concentration layer 11 is epitaxially grown on the substrate
10. The high concentration layer 11 is formed of a compound
semiconductor material such as SiC or GaN. If the substrate
10 is silicon, the high concentration layer 11 may be
3C—SiC. The epitaxial growth may be performed using
MOCVD or the like.

FIG. 10 shows the ion implantation step. A mask 31 is
formed on the high concentration layer 11 using photoli-
thography techniques, and the P type impurity ions 32 are
implanted with a high concentration near the surface of the
high concentration layer 11. The concentration of the P type
impurities may be from 1E17 cm™ to 1E18 cm™ for a 1000
V specification or from 1E16 cm™ to 1E17 cm™ for a
10,000 V specification.

FIG. 11 shows the annealing step. By thermally process-
ing the substrate 10 to activate and scatter the impurity ions,
the first semiconductor regions 13 are formed near the
surface of the high concentration layer 11. Next, the N- type
low concentration layer 12 is epitaxially grown on the high
concentration layer 11 on which the first semiconductor
regions 13 are formed. The N type impurity concentration of
the low concentration layer 12 may be approximately 1E16
cm® for a 1000 V specification or approximately 1E15 cm™>
for a 10,000 V specification.

FIG. 12 shows the device formation step. First, the P type
diffusion region 14 is formed with a P type well structure by
ion implanting the P type impurities implanted near the
surface of the low concentration layer 12. Next, the N+ type
source region 15 is formed by implanting N type impurity
ions with a high concentration near the surface of the P type
diffusion region 14. Next, a gate oxide film is deposited on
the surface of the low concentration layer 12 including the
P type diffusion region 14, using CVD. Next, the first control
electrode 17 is formed above the P type diffusion region 14
sandwiched between the N+ type source region 15 and the
low concentration layer 12, with the gate oxide film inter-
posed therebetween. Finally, the insulating film is deposited
over the entire surface of the device. The gate oxide film and
the insulating film are referred to together as the “insulating
film 18.”

FIG. 13 shows the mesa formation step. A mask 33 having
an opening, in the region where the mesa is to be formed to
surround the device, is formed on the surface of the device
and the surface of the low concentration layer 12 using
photolithography techniques. Next, dry etching is used to
form the mesa 19 reaching from the surface of the low
concentration layer 12 to the high concentration layer 11.
The device formation step may be performed after the mesa
formation step.

FIG. 14 shows the electrode formation step. The second
control electrode 20 is formed by depositing Ti, Ni, Au, Pt,
Al, Mo or an alloy of these materials within the mesa 19,
using sputtering. The second control electrode 20 may be a
Schottky electrode. Next, the gate oxide layer and the
insulating film are selectively removed, thereby forming the
first electrode 21 that forms an ohmic junction with the P
type diffusion region 14 and the N+ type source region 15
and is isolated from the first control electrode 17. Next, the
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second electrode 22 is formed on the back surface of the
substrate 10 forming an ohmic junction with the substrate
10.

With the manufacturing method described above, no
high-temperature thermal processing steps are performed
after formation of the mesa 19, and therefore the mesa 19
formation does not affect the fine processing of the device.
If the low concentration layer 12 is formed of SiC or GaN,
the thickness of the low concentration layer 12 can be made
10% the thickness occurring for a silicon substrate, and
therefore the mesa 19 can be formed easily.

FIG. 15 is a cross-sectional view of a bidirectional device
200 according to a second embodiment of the present
invention. Components that have the same function as those
in the first embodiment are given the same reference numer-
als, and descriptions thereof are omitted. The bidirectional
device 200 differs from the bidirectional device 100 in that
an insulating film 40 is formed between the low concentra-
tion layer 12 and the second control electrode 20. The
insulating film 40 may be formed on the inner wall of the
mesa 19. The second control electrode 20 forms an ohmic
junction with the first semiconductor region 13 on the
bottom surface.

In the bidirectional device 200, a Schottky junction is not
formed between the second control electrode 20 and the low
concentration layer 12. During the step of forming the mesa
19, it is sometimes difficult to arrange the crystallinity of the
inner wall of the mesa 19, due to reasons such as the
semiconductor side surface being rough. In such a case, it is
difficult to form an ideal Schottky junction, and the leak
current increases. The bidirectional device 200 of the present
embodiment does not experience the problem of leak current
caused by the Schottky junction. Furthermore, by interpos-
ing the insulating film 40 between the second control
electrode 20 and the low concentration layer 12, the break-
down voltage can be maintained.

Next, the manufacturing method for the bidirectional
device 200 is described. The bidirectional device 200 manu-
facturing method differs from the bidirectional device 100
manufacturing method of the bidirectional device 100 by
including a step of forming an insulating film between the
mesa formation step and the electrode formation step. The
insulating film formation step includes using the mask 33,
which was used in the mesa formation step, to form an
insulating film 40 over the entire inner surface of the mesa
19 through plasma CVD. The insulating film 40 may be a
silicon oxide film. Next, using dry etching, only the insu-
lating film 40 formed on the bottom surface within the mesa
19 is removed. Next, at the electrode formation step, the
second control electrode 20 is deposited on the bottom
surface of the mesa 19 to form an ohmic junction with the
first semiconductor region 13, through sputtering.

FIG. 16 is a cross-sectional view of a bidirectional device
300 according to a third embodiment of the present inven-
tion. Components that have the same function as compo-
nents in the bidirectional device 100 or bidirectional device
200 are given the same reference numerals, and description
thereof is omitted. The bidirectional device 300 differs from
the bidirectional device 200 in that, instead of the insulating
film 40, a P+ type semiconductor region 50 (fifth semicon-
ductor region) is formed between the low concentration
layer 12 and the second control electrode 20.

The P+ type semiconductor region 50 and the low con-
centration layer 12 form a PN junction. To form a junction
with low leakage at the Schottky junction, it is preferable to
form an ideal interface with good crystallinity through
cleaning between the semiconductor surface and the metal
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interface. However, a technique with high precision is
necessary to form such an interface. Furthermore, leak
current occurs easily when the Schottky junction functions
at high temperatures. Therefore, in the present embodiment,
the leak current is decreased by forming the PN junction on
the side surface of the mesa 19. Furthermore, when the
reverse bias is applied to the first semiconductor region 13,
the breakdown voltage is maintained due to the depletion
layer of the PN junction.

Next, the bidirectional device 300 manufacturing method
is described. The bidirectional device 300 manufacturing
method differs from the bidirectional device 100 manufac-
turing method in that the mesa formation step is performed
before the device formation step, and a step of forming the
P+ type semiconductor region 50 is included after the mesa
formation step. FIGS. 17 and 18 show steps of forming the
P+ type semiconductor region 50. The P+ type semiconduc-
tor region formation step includes a step of ion-implanting
P type impurity ions with a high concentration in the mesa
19 and an annealing step of activating the impurity ions
through thermal processing.

FIG. 17 shows a step of ion implantation in the mesa 19.
Using the mask 35 that was used in the mesa formation step,
the P type impurity ions are implanted in the inner side
surface of the mesa 19. The region near the surface on the
inner side of the mesa 19 is doped with a high concentration
of the P type impurity ions 36. In FIG. 17, the mesa 19 is
shown as passing through the first semiconductor region 13.
However, as shown in FIG. 16, the mesa 19 need not pass
through the first semiconductor region 13. In other words,
the bottom surface of the mesa 19 may match the top surface
of the first semiconductor region 13, which is the surface
facing way from the substrate 10.

FIG. 18 shows the annealing step. After the mask 35 has
been removed, thermal processing is performed at a high
temperature to activate the implanted P type impurity ions.
The P type impurity ions 36 are diffused in the outer surface
of the mesa 19, thereby forming the P+ type semiconductor
region 50. Next, the device formation step is performed to
form a device with a MOSFET structure on the surface of the
low concentration layer 12. Finally, the electrode formation
step is performed and the second control electrode 20 is
formed in the mesa 19. Instead of being formed by ion
implantation, the P+ type semiconductor region 50 may be
formed by forming a P type polysilicon thin film on the inner
side surface of the mesa 19 or by epitaxially growing P type
SiC on the inner side surface of the mesa 19.

FIG. 19 is a cross-sectional view of a bidirectional device
400 according to a fourth embodiment of the present inven-
tion. Components that have the same function as compo-
nents in the bidirectional device 100, bidirectional device
200, or bidirectional device 300 are given the same reference
numerals, and description thereof is omitted. The bidirec-
tional device 400 differs from the bidirectional device 100 in
that, instead of the portion of the second control electrode 20
embedded in the semiconductor layered portion 70, a P+
type semiconductor region 60 (sixth semiconductor region)
is provided.

For example, by having the mesa 19 completely filled in
by the P+ type semiconductor region 60, the second control
electrode 20 is formed on the surface of the P+ type
semiconductor region 60. The second control electrode 20
forms an ohmic junction with the P+ type semiconductor
region 60. The low concentration layer 12 and the P+ type
semiconductor region 60 form a PN junction. The P+ type
semiconductor region 60 may be P type SiC or P type
polysilicon that fills in the mesa 19.
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After the mesa 19 is completely filled in, a flattening
process is performed such that the surface of the P+ type
semiconductor region 60 is at the same height as the surface
of the low concentration layer 12. This flattening process
may be realized by etching or polishing. When a deep mesa
19 is formed on the substrate 10 surface, a height difference
occurs that makes it difficult to uniformly apply the photo-
resist. As a result, there is a limit on the fine machining, such
as forming a fine pattern on the surface. In the present
embodiment, the surface of the substrate 10 is flattened, and
therefore fine machining is possible after this. The second
control electrode 20 of the present embodiment need not be
buried in the mesa 19, and therefore the second control
electrode 20 can be formed easily. When the reverse bias is
applied to the first semiconductor region 13, the depletion
layer of the PN junction appears only on the front surface
side of the device, and therefore the breakdown voltage can
be maintained.

Next, the bidirectional device 400 manufacturing process
is described. The bidirectional device 400 manufacturing
process includes a step of preparing the substrate 10, an ion
implantation step of ion-implanting P type impurities in the
high concentration layer 11, an annealing step of forming the
first semiconductor region 13 by thermally processing the
substrate 10, a step of forming the mesa 19, a step of filling
in the mesa 19 with the P+ type semiconductors, a step of
flattening the surface of the substrate 10, a device formation
step of forming the MOSFET device on the surface of the
low concentration layer 12 surrounded by the P+ type
semiconductor region 60, and an electrode formation step of
forming the second control electrode 20 on the topmost
surface 62 of the P+ type semiconductor region 60. The step
of preparing the substrate 10, the ion implantation step, and
the annealing step are the same as in the manufacturing
method of the bidirectional device 100, and so the descrip-
tions thereof are omitted. FIGS. 20 to 24 show the bidirec-
tional device 400 manufacturing process.

FIG. 20 shows the step of forming the mesa 19. Using
photolithography techniques, a mask having an opening at
the location where the mesa 19 is to be formed is formed on
the surface of the low concentration layer 12, and dry
etching is used to form the mesa 19.

FIG. 21 shows the step of filling in the mesa 19. P+ type
polysilicon or P+ type SiC is epitaxially grown over the
entire surface of the substrate 10, thereby completely filling
the mesa 19. The P+ type semiconductor region 60 is formed
in the mesa 19. Furthermore, P+ type polysilicon or P+ type
SiC is epitaxially grown on the topmost surface of the
substrate 10. The method for filling in the mesa 19 may
include using an oxide film mask to perform selective
epitaxial growth only in the mesa 19 portion to fill in the
mesa 19, and then removing the oxide film at the end.

FIG. 22 shows the flattening step. The topmost surface of
the substrate 10 is flattened by etching or CMP polishing.
The flattening process is performed until the topmost surface
of the low concentration layer 12 and the topmost surface 62
of'the P+ type semiconductor region 60 are in the same plane
parallel to the substrate 10.

FIG. 23 shows the device formation step. The MOSFET
structure device is formed on the surface of the low con-
centration layer 12 surrounded by the flattened P+ type
semiconductor region 60. The specific method for forming
the device has been described in relation to FIG. 12, and is
therefore omitted here.

FIG. 24 shows the electrode formation step. The second
control electrode 20 is formed on the topmost surface 62 of
the flattened P+ type semiconductor region 60. The second
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control electrode 20 and the topmost surface 62 of the P+
type semiconductor region 60 form an ohmic junction. Next,
the first electrode 21 and the second electrode 22 are formed.
The specific method for forming the electrodes has been
described in relation to FIG. 14, and is therefore omitted
here.

With the manufacturing method described above, it is
possible to form a flat device on the surface of the substrate
10 without any height differences. Accordingly, a fine
machining process can be realized with stability.

FIG. 25 is a planar view of an exemplary pattern of the
first semiconductor regions 13. FIG. 25 shows a plane that
is substantially parallel to the substrate 10. The second
control electrode 20 has a frame shape including two edges
in the X-axis direction that are parallel to each other and two
edges in the Y-axis direction that are parallel to each other.
In the region surrounded by the second control electrode 20,
first semiconductor regions 13 that extend in the same length
as each other in the Y-axis direction and are arranged at
uniform intervals in the X-axis direction and P+ type con-
necting regions 25 that extend in the X-axis direction, are
parallel to each other, and contact the ends of the first
semiconductor regions 13 in the Y-axis direction are formed.
The first semiconductor regions 13 are in an electrically
conductive state with the second control electrode 20, via the
P+ type connecting regions 25. N type second channels 23
that extend in the Y-axis direction are formed between
adjacent first semiconductor regions 13. In the present
embodiment, the first semiconductor regions 13 have a
stripe pattern, and the depletion layer of the PN junctions
with the second channels 23 spreads easily in a uniform
manner. Therefore, a stable pinch-off characteristic can be
realized.

FIG. 26 is a planar view of another exemplary pattern of
the first semiconductor regions 13. FIG. 26 shows a plane
that is substantially parallel to the substrate 10. In the region
surrounded by the second control electrode 20, first semi-
conductor regions 13 are arranged at uniform intervals in the
X-axis direction and the Y-axis direction to form a grid along
orthogonal lines, P+ type connecting regions 25 that extend
in the X-axis direction, are parallel to each other, and contact
the ends of the first semiconductor regions 13 in the Y-axis
direction, and P+ type connecting regions 29 that extend in
the Y-axis direction, are parallel to each other, and contact
the ends of the first semiconductor regions 13 in the X-axis
direction are formed. The first semiconductor regions 13 are
in an electrically conductive state with the second control
electrode 20, via the P+ type connecting regions 25 and the
P+ type connecting regions 29. The N type second channels
23 are formed substantially as squares in the regions divided
as boxes by the first semiconductor regions 13.

The first semiconductor regions 13 having this grid struc-
ture have less resistance than the first semiconductor regions
13 formed as stripes. Therefore, the turn-OFF characteristic
of the pinch off can be improved. On the other hand, the
surface area of the second channels 23 is greater when using
the stripe pattern than when using the box pattern. Therefore,
it is easier for the main current to flow when the stripe-
shaped channels are used than when the box-shaped chan-
nels are used. The pattern of the first semiconductor regions
13 is preferably designed in consideration of the resistance
of the first semiconductor regions 13 and the surface area of
the second channels 23.

FIG. 27 is a cross-sectional view of a bidirectional device
500 according to a fifth embodiment of the present inven-
tion. The following mainly describes the difference with
respect to the first embodiment shown in FIG. 6A.
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In the cross-sectional view of the bidirectional device
500, the P type diffusion region 14 of the first semiconductor
element is separated into two portions. The low concentra-
tion layer 12 is provided between these two portions of the
P type diffusion region 14. The low concentration layer 12
is exposed on the surface of the semiconductor layered
portion 70. When the bidirectional device 500 is seen from
above, the P type diffusion region 14 may be continuous in
a manner to surround the low concentration layer 12.

The first electrode 21 is provided on the surface of the
semiconductor layered portion 70. The first electrode 21
contacts the low concentration layer 12 on the surface of the
semiconductor layered portion 70. As a result, a Schottky
junction portion 73 is formed between the first electrode 21
and the low concentration layer 12, which is the second
semiconductor region. The Schottky barrier diode formed by
the first electrode 21 and the low concentration layer 12 has
an anode and cathode that are respectively the source (e.g.
the first electrode 21) and the drain (e.g. the low concen-
tration layer 12) of the MOSFET formed on the surface of
the semiconductor layered portion 70. Therefore, this
Schottky barrier diode is electrically connected in parallel
with the MOSFET on the surface of the semiconductor
layered portion 70. The PN diode formed by the P type
diffusion region 14 and the N+ type source region 15 has an
anode and cathode that are respectively a source (e.g. the
first electrode 21) and a drain (e.g. the low concentration
layer 12). Accordingly, the PN diode is electrically con-
nected in parallel with the Schottky barrier diode and the
MOSFET.

The potential barrier of the Schottky junction occurring
when the Schottky junction portion 73 is formed between
the first electrode 21 and the low concentration layer 12,
such as in the present embodiment, is smaller than the
potential barrier of the PN junction occurring when the first
electrode 21, the P type diffusion region 14, and the low
concentration layer 12 are connected in series such as shown
in FIG. 6 A. Accordingly, by providing the Schottky junction
portion 73 between the first electrode 21 and the low
concentration layer 12, the power loss occurring when the
MOSFET is OFF and the JFET is ON can be reduced.

In particular, when the semiconductor layered portion 70
is formed using a semiconductor material with a wide
bandgap, such as SiC or GaN, the potential barrier of the
Schottky junction between the metal layer, which is the first
electrode 21, and the N type SiC, which is an example of the
low concentration layer 12, is approximately 1 V, while the
potential barrier of the PN junction between the P type SiC,
which is an example of the P type diffusion region 14, and
the N type SiC, which is an example of the low concentra-
tion layer 12, is an extremely large value of 3 V to 4 V.
Accordingly, the effect of the power loss reduction achieved
by providing the Schottky junction portion 73 between the
first electrode 21 and the low concentration layer 12 is
greater than this effect when the Schottky junction portion
73 is not provided.

When the MOSFET on the surface of the semiconductor
layered portion 70 is OFF (e.g. a positive bias is applied to
the first control electrode 17) and the JFET between the low
concentration layer 12 and the high concentration layer 11 in
the semiconductor layered portion 70 is ON (e.g. a zero bias
is applied to the second control electrode 20), in the region
where the voltage V applied to the second electrode 22 is
negative, the bidirectional device 500 exhibits the I-V char-
acteristics of a so-called diode mode.

FIG. 28 is a graph showing the current-voltage charac-
teristics of the bidirectional device 500 shown in FIG. 27. In
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a case where there is a PN junction formed by connecting the
first electrode 21, the P type diffusion region 14, and the low
concentration layer 12 in series, such as shown in FIG. 6A,
the I-V characteristic 91 is exhibited when the MOSFET is
OFF and the JFET is ON. Furthermore, in a case where the
Schottky junction portion 73 is formed between the first
electrode 21 and the low concentration layer 12, such as in
the present embodiment, the I-V characteristic 92 is exhib-
ited when the MOSFET is OFF and the JFET is ON. When
there is no Schottky junction portion 73 and there is a
potential barrier of a PN junction, as shown by the I-V
characteristic 91, even when the negative bias gradually
becomes high, it is difficult for current to flow until approxi-
mately -3 V, which corresponds to the potential barrier of
the PN junction. In contrast to this, When there is a potential
barrier of the Schottky junction in the Schottky junction
portion 73, as shown by the I-V characteristic 92, when the
negative bias gradually becomes high, the current begins
flowing at approximately —1 V. Accordingly, in the present
embodiment, the ON/OFF control of the current can be
realized using a smaller negative bias than in the first
embodiment, and therefore the power loss can be reduced.

FIG. 29 is a cross-sectional view of a bidirectional device
600 according to a sixth embodiment of the present inven-
tion. The following mainly describes the difference with
respect to the first embodiment shown in FIG. 6A.

In the bidirectional device 600, the second electrode 22 is
provided on the back surface of the substrate 10. Further-
more, the high concentration layer 11, which is a semicon-
ductor layer of the first conduction type, is provided on a
portion of the substrate 10. The high concentration layer 11
is formed from the back surface to the front surface of the
substrate 10, and is connected to the second electrode 22
formed on the substrate 10. As a result, the Schottky junction
portion 74 is formed between the high concentration layer 11
and the second electrode 22.

In the bidirectional device 600, the high concentration
layer 11, which is a semiconductor layer of the first con-
duction type, is provided on a portion of the substrate 10.
The high concentration layer 11 may be formed by removing
the substrate 10. Instead, if the substrate 10 is an N+ layer,
for example, the high concentration layer 11 may be pro-
vided by counter-doping with a P type dopant.

In the bidirectional device 600, the first semiconductor
region 13 includes a plurality of semiconductor regions
13-1, 13-2, 13-3, and 13-4 that are electrically connected to
each other. The semiconductor regions 13-1, 13-2,13-3, and
13-4 are arranged in planes substantially parallel to the
substrate 10. Intervals 72 are provided between adjacent
semiconductor regions among the semiconductor regions
13-1, 13-2, 13-3, and 13-4. However, it should be noted that
the interval 27 between the semiconductor region 13-2 and
the semiconductor region 13-3 provided between the first
electrode 21 and the semiconductor layer of the first con-
duction type provided on a portion of the substrate 10 is
larger than the interval between the semiconductor region
13-2 and the semiconductor region 13-1, which is a second
channel 23, and the interval between the semiconductor
region 13-4 and the semiconductor region 13-3, which is a
second channel 23. In the present embodiment, the interval
27 is provided in the central portion between the two P+ type
semiconductor regions 60 in the cross section. The second
channels 23 are provided between the interval 27 and the P+
type semiconductor regions 60.

When the JFET formed by the high concentration layer
11, the low concentration layer 12, and the first semicon-
ductor region 13 is OFF (e.g. when a sufficiently negative
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bias is applied to the second control electrode 20), the
depletion layers of the JFET are formed respectively around
each of the semiconductor regions 13-1, 13-2, 13-3, and
13-4. Furthermore, since there is a Schottky junction
between the high concentration layer 11 and the second
electrode 22, a depletion layer is formed in the high con-
centration layer 11 near the second electrode 22. When the
JFET is OFF, the depletion layer of the semiconductor
region 13-1 and the depletion layer of the semiconductor
region 13-2 are connected. When the JFET is OFF and the
second electrode 22 has a negative bias relative to the first
electrode 21, the depletion layer of the semiconductor region
13-1 and the depletion layer of the Schottky junction are
connected. Accordingly, the path of the current through the
first electrode 21 from the substrate 10 via the interval 27
between the semiconductor region 13-1 and the semicon-
ductor region 13-2 is cut off, and therefore current barely
flows between the first electrode 21 and second electrode 22.

In the present embodiment, the central position of the
semiconductor region 13-2 adjacent to the interval 27 is
preferably on the semiconductor region 13-3 side of the
boundary position between the high concentration layer 11
and the substrate 10 where the Schottky junction portion 74
is positioned. In other words, in the substrate 10 that has had
a portion thereof removed, the end portions of the remaining
substrate 10 are preferably on the semiconductor region 13-1
side of the central position of the semiconductor region 13-2.
With this configuration, a junction is formed between the
depletion layer of the first semiconductor region 13 and the
depletion layer of the Schottky junction, so that the current
path can be more reliably cut off. Furthermore, the central
position of the semiconductor region 13-3 is preferably on
the semiconductor region 13-2 side of the boundary position
between the high concentration layer 11 and the substrate 10
in the Schottky junction portion 74.

When a negative bias is applied to the first electrode 21,
a positive bias is applied to the second electrode 22, and the
MOSFET is ON, the current flows through the first electrode
21, the first channel 72, the low concentration layer 12, the
interval 27, the high concentration layer 11, the Schottky
junction portion 74, and the second electrode 22, in the
stated order. Furthermore, when a positive bias is applied to
the first electrode 21, a negative bias is applied to the second
electrode 22, the MOSFET is OFF, and the JFET is ON, the
current flows through the second electrode 22, the substrate
10, the high concentration layer 11, the second channel 23
and interval 27, the low concentration layer 12, the P type
diffusion region 14, and the first electrode 21, in the stated
order.

The Schottky barrier diode formed by the high concen-
tration layer 11 and the second electrode 22 has an anode and
a cathode that are respectively the source (e.g. the first
electrode 21) and the drain (e.g. the low concentration layer
12) of the JFET formed by the high concentration layer 11,
the low concentration layer 12, and the first semiconductor
region 13. As a result, the Schottky barrier diode is electri-
cally connected in parallel with the JFET.

The potential barrier of the Schottky junction occurring
when the Schottky junction portion 74 is formed between
the second electrode 22 and the high concentration layer 11,
such as in the present embodiment, is smaller than the
potential difference between the second electrode 22 and the
threshold voltage of the JFET formed from the first semi-
conductor region 13, the high concentration layer 11, and the
low concentration layer 12 such as shown in FIG. 6A.
Accordingly, by providing the Schottky junction portion 74
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between the second electrode 22 and the high concentration
layer 11, the power loss can be reduced.

In addition, with the present embodiment, a sufficient
margin for the gate bias of the JFET can be realized. The
reason for this is as follows. As an example, assume a case
in which the first semiconductor regions 13 are arranged at
uniform intervals between the P+ type semiconductor
regions 60, such as shown in FIG. 6A. In this case, Vth
represents the threshold voltage of the JFET and V20
represents the voltage of the second control electrode 20.
Here, V22, which is the threshold voltage of the second
electrode 22 when current begins flowing forward (i.e. from
the second control electrode to the first electrode 21), is
equal to Vth-V20. In this case, it is assumed that the
MOSFET is ON. If it is assumed that Vth is ~10 V and V20
is =15V, then V22 is 5 V. However, a value of 5V for V22
is too high as a threshold voltage for the device. Therefore,
in order to realize a value of approximately 1 V for V22, V20
can be set to =11 V.

It should be noted that noise voltage is added to the
second control electrode 20. As a result, in consideration of
this noise voltage, designing the device such that the dif-
ference between the threshold voltage Vth of the JFET and
the voltage V20 of the second control electrode 20 to be
approximately 1 V leads to incorrect operation of the device.

Furthermore, in an actual device, there is variation in Vth
for each first semiconductor region 13. When there is a
variation in Vth, it is necessary to slightly adjust V20
according to each value of Vth. However, when the Schottky
junction portion 74 is provided without providing the first
semiconductor region 13 between the first electrode 21 and
the partially removed portion of the substrate 10, such as in
the present embodiment, a sufficiently negative bias can be
applied to voltage V20 of the second control electrode 20
and the threshold voltage V22 can be pulled up, and there-
fore there is no need to slightly adjust V20 according to each
different Vth. Furthermore, even when the threshold voltage
V22 is pulled up, only a voltage drop of approximately 1 V
occurs in the Schottky junction portion 74, and therefore the
power loss can be reduced. In other words, the margin for
Vth and the decrease in power loss are both achieved.

When the MOSFET on the surface of the semiconductor
layered portion 70 is ON and the JFET between the low
concentration layer 12 and the high concentration layer 11 in
the semiconductor layered portion 70 is OFF, in the region
where the voltage V applied to the second electrode 22 is
positive, the bidirectional device 600 exhibits the I-V char-
acteristics of a so-called diode mode.

FIG. 30 is a graph showing the current-voltage charac-
teristics of the bidirectional device 600 shown in FIG. 29. In
a case where the first semiconductor regions 13 are arranged
at uniform intervals between the P+ type semiconductor
regions 60, such as shown in FIG. 6A, the I-V characteristic
93 is exhibited when the MOSFET is ON and the JFET is
OFF. In a case where the Schottky junction portion 74 is
formed between the second electrode 22 and the high
concentration layer 11 and no first semiconductor regions 13
are formed between the first electrode 21 and the substrate
10 having a portion thereof removed, such as in the present
embodiment, the I-V characteristic 94 is exhibited when the
MOSFET is ON and the JFET is OFF. As shown by the [-V
characteristic 93, when the first semiconductor regions 13
are arranged at uniform intervals between the P+ type
semiconductor regions 60, even when the positive bias
gradually becomes high, the current has trouble flowing
until reaching a voltage of (Vth-V20) V that corresponds to
the threshold voltage of the JFET. In contrast to this, as
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shown by the I-V characteristic 94, in a case where the
Schottky junction potential barrier is present, when the
negative bias gradually becomes higher, the current begins
flowing at a voltage of approximately 1 V. In other words,
in the present embodiment, the ON/OFF control of the
current can be realized using a smaller positive bias than in
the first embodiment, and therefore the power loss can be
reduced.

FIG. 31 is a cross-sectional view of a bidirectional device
700 according to a seventh embodiment of the present
invention. The bidirectional device 700 of the present
embodiment includes both the Schottky junction portion 73
of the first electrode 21 and the low concentration layer 12
described in the fifth embodiment and the interval 27 and
Schottky junction portion 74 of the second electrode 22 and
the high concentration layer 11 described in the sixth
embodiment. With this configuration, the diode mode on the
negative bias side described in the fifth embodiment and the
diode mode on the positive bias side described in the sixth
embodiment can both be realized by a single device. The
Schottky junction may be formed at least at one position
including a position between the first electrode 21 and the
low concentration layer 12, which is a second semiconduc-
tor region, and a position between the second electrode 22
and the high concentration layer 11, which is a semicon-
ductor layer of the first conduction type provided in the
region where the portion of the substrate 10 has been
removed. With this configuration, the diode mode on the
negative bias side described in the fifth embodiment or the
diode mode on the positive bias side described in the sixth
embodiment can be realized.

FIG. 32 shows an analogous circuit of the bidirectional
device 700 shown in FIG. 31. The JFET 26 and the Schottky
barrier diode 252 are electrically connected in parallel. The
MOSFET 24, the PN diode 261, and the Schottky barrier
diode 262 are electrically connected in parallel. Only one of
the Schottky barrier diode 252 and the Schottky barrier
diode 262 shown by the dotted lines need be included.

As described above, the JFET 26 and the Schottky barrier
diode 252 are electrically connected in parallel. Further-
more, as described above, the MOSFET 24, the PN diode
261, and the Schottky barrier diode 262 are electrically
connected in parallel. In addition, the JFET 26 and the
MOSFET 24 are electrically connected in series by the low
concentration layer 12. Accordingly, the JFET 26 and the
Schottky barrier diode 252 are electrically connected in
series with the MOSFET 24, the PN diode 261, and the
Schottky barrier diode 262.

The bidirectional device described above can be used as
a bidirectional device circuit when combined with a control
circuit. This control circuit controls the voltage applied to
the first control electrode 17 and the second control elec-
trode 20, in the manner described in relation to FIGS. 1 to
26. This bidirectional device circuit can be used in a power
conversion apparatus that converts AC current directly to a
desired DC current, for example. The power conversion
apparatus includes an input-side circuit for receiving AC
power, an output-side circuit for outputting AC power, and
a bidirectional device that is arranged between the input-side
circuit and the output-side circuit. The input-side circuit has
at least an input terminal that receives AC power, and the
output-side circuit has at least an output terminal that
outputs AC power. For example, any one of the bidirectional
devices described in relation to FIGS. 1 to 26 may be used
as the bidirectional switch 220 of a power conversion
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apparatus 2000. The power conversion apparatus can be
used in any of a variety of industrial fields, including the
automobile field.

While the embodiments of the present invention have
been described, the technical scope of the invention is not
limited to the above described embodiments. It is apparent
to persons skilled in the art that various alterations and
improvements can be added to the above-described embodi-
ments. It is also apparent from the scope of the claims that
the embodiments added with such alterations or improve-
ments can be included in the technical scope of the inven-
tion.

The operations, procedures, steps, and stages of each
process performed by an apparatus, system, program, and
method shown in the claims, embodiments, or diagrams can
be performed in any order as long as the order is not
indicated by “prior to,” “before,” or the like and as long as
the output from a previous process is not used in a later
process. Even if the process flow is described using phrases
such as “first” or “next” in the claims, embodiments, or
diagrams, it does not necessarily mean that the process must
be performed in this order.

What is claimed is:

1. A longitudinal bidirectional device in which current
flows in a layering direction of a semiconductor layered
portion formed on a front surface of a substrate, the bidi-
rectional device comprising:

a first semiconductor element that includes a first channel
and is formed on the semiconductor layered portion;
and

a second semiconductor element that includes a second
channel and is provided on the substrate side of the first
semiconductor element within the semiconductor lay-
ered portion, wherein

the first semiconductor element further includes a first
control electrode that controls the first channel and that
is formed on a surface of the semiconductor layered
portion that faces away from the substrate,

the second semiconductor element is formed on at least a
portion of the surface of the semiconductor layered
portion on which the first control electrode is formed
and includes a second control electrode that controls
the second channel,

the first channel is formed according to a first voltage that
is applied to the first control electrode, and

the second channel is formed according to a second
voltage that is applied to the second control electrode.

2. The bidirectional device according to claim 1, wherein

the semiconductor layered portion includes:

a semiconductor layer of a first conduction type that is
formed on the substrate side of the first channel; and

a first semiconductor region of a second conduction
type that is formed within the semiconductor layer of
the first conduction type in a plane that is substan-
tially parallel to the substrate, such that a portion of
the semiconductor layer of the first conduction type
remains in the plane,

the second control electrode is electrically connected to
the first semiconductor region, and

the second channel is formed in the semiconductor layer
of the first conduction type remaining in the plane in
which the first semiconductor region is formed.

3. The bidirectional device according to claim 2, wherein

the first semiconductor region is separated to form a
plurality of the first semiconductor regions within a
plane of the semiconductor layer of the first conduction
type substantially parallel to the substrate.
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4. The bidirectional device according to claim 3, wherein

the semiconductor layers of the first conduction type are
arranged at uniform intervals in the plane in which the
first semiconductor regions are formed.

5. The bidirectional device according to claim 2, wherein

the semiconductor layered portion includes, in a plane
that is substantially parallel to the substrate and on the
first control electrode side of the first semiconductor
region, a second semiconductor region of the first
conduction type, a third semiconductor region of the
second conduction type, and a fourth semiconductor
region of the first conduction type that are adjacent to
each other in the stated order, and

the first channel is formed in the third semiconductor
region of the second conduction type.

6. The bidirectional device according to claim 5, wherein

the semiconductor layer of the first conduction type
includes:
a high concentration layer formed on the substrate; and
a low concentration layer that is formed on the high

concentration layer and has a lower impurity con-
centration than the high concentration layer,

the first semiconductor region is formed at a boundary
between the high concentration layer and the low
concentration layer, and

the second semiconductor region, the third semiconductor
region, and the fourth semiconductor region are formed
on a front surface of the low concentration layer.

7. The bidirectional device according to claim 6, wherein

the second channel is formed at a boundary portion
between the high concentration layer and the low
concentration layer, and is a channel in which carriers
move in a direction substantially perpendicular to the
substrate.

8. The bidirectional device according to claim 5, further

comprising:

a first electrode that is provided on the front surface of the
semiconductor layered portion; and

a second electrode that is provided on a back surface of
the substrate, wherein

a Schottky junction is formed at least at one of two
positions including a position between the first elec-
trode and the second semiconductor region and a
position between the second electrode and the semi-
conductor layer of the first conduction type provided on
a portion of the substrate.

9. The bidirectional device according to claim 8, wherein

the first semiconductor region includes a plurality of
semiconductor regions that are connected to each other,

among the plurality of semiconductor regions, intervals
are formed between adjacent semiconductor regions
within a plane substantially parallel to the substrate,
and

an interval between semiconductor regions of the plurality
of semiconductor regions provided between the first
electrode and the semiconductor layer of the first
conduction type provided on the portion of the sub-
strate are greater than intervals between other semicon-
ductor regions of the plurality of semiconductor
regions.

10. The bidirectional device according to claim 2, wherein

the second control electrode is formed through the semi-
conductor layer of the first conduction type, to extend
from the front surface of the semiconductor layered
portion to the first semiconductor region.

11. The bidirectional device according to claim 10,

wherein

24

the second control electrode is formed of a material that
forms an ohmic junction with the first semiconductor
region and forms a Schottky junction with the semi-
conductor layer of the first conduction type.
5 12. The bidirectional device according to claim 10,
wherein
the second control electrode is formed of a material that
forms an ohmic junction with the first semiconductor
region, and
the semiconductor layered portion further includes an
insulating film that is provided between the semicon-
ductor layer of the first conduction type and the second
control electrode.
13. The bidirectional device according to claim 10,
wherein
the second control electrode is formed of a material that
forms an ohmic junction with the first semiconductor
region, and
the semiconductor layered portion further includes a fifth
semiconductor region of the second conduction type
that is provided between the semiconductor region of
the first conduction type and the second control elec-
trode.
14. The bidirectional device according to claim 2, wherein
the semiconductor layered portion further includes a sixth
semiconductor region of the second conduction type
that is formed to extend from the first semiconductor
region to the front surface of the semiconductor layered
portion, and
the second control electrode forms an ohmic junction with
the sixth semiconductor region.
15. The bidirectional device according to claim 2, wherein
the first conduction type is n type and the second con-
duction type is p type.
16. The bidirectional device according to claim 1, wherein
the semiconductor layered portion includes a layer formed
of SiC or a nitride semiconductor.
17. A bidirectional device circuit comprising:
the bidirectional device according to claim 1; and
a control circuit that controls the bidirectional device.
18. The bidirectional device circuit according to claim 17,
wherein
the bidirectional device further includes:
a first electrode formed on the front surface of the
semiconductor layered portion; and
a second electrode formed on the back surface of the
substrate, and
the control circuit performs control of the first control
electrode and of the second control electrode in syn-
chronization when a voltage with a positive polarity is
applied to the first electrode and a voltage with a
negative polarity is applied to the second electrode.
19. The bidirectional device according to claim 17,
wherein
the control circuit performs normally-OFF control for the
first semiconductor element and performs normally-
ON control for the second semiconductor element.
20. A power conversion apparatus that converts and
outputs received AC power, comprising:
an input-side circuit that receives the AC power;
an output-side circuit that outputs the AC power; and
the bidirectional device according to claim 1 that is
provided between the input-side circuit and the output-
side circuit.
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